INTRODUCTION
There is evidence from epidemiological and pathological studies that exposure to respirable silica dust causes silicosis, lung cancer and chronic obstructive pulmonary diseases (COPD). 1 COPD is one of the main causes of morbidity and mortality worldwide. 2 It is associated with a progressive, largely irreversible loss of lung function and can ultimately be fatal. 2 3 The relationship of COPD morbidity and silica dust exposure has been quantified. [4] [5] [6] However, evidence relating to silica-induced COPD mortality is inconclusive and studies are rare. [7] [8] [9] [10] [11] [12] [13] Silicosis is an acknowledged occupational disease caused by silica dust. Death from silicosis-as the most severe outcome-is rarely investigated due to small numbers of deaths. Mortality studies consistently confirm an increase in risk with increasing silica dust exposure, 7 8 11 13-16 even below occupational exposure limits. 7 14 15 Residential radon exposure has recently been suggested as possibly associated with death from COPDs in the prospective American Society Cancer Prevention Study II (CPS-II). 17 In the CPS-II study, 17 a statistically significant positive exposure-response relationship between mean county-level of radon concentrations and mortality from COPDs (13 541 deaths) was found. The study was a partially ecological study with individual data on deaths from COPDs and potential confounders such as smoking, but regionally aggregated data on residential radon. 17 18 Bias through misclassification of exposure is therefore of concern. There are few other epidemiological studies that examined mortality from COPDs in relation to radon exposure. An excess compared with national rates was observed among white miners in the Colorado Plateau uranium miner study (n=197 deaths), 19 which was attributed to smoking pattern. No relationship with cumulative radon exposure was found either in the French uranium miner cohort with respect to the group of death from respiratory diseases without silicosis (n=57) 20 or in the Eldorado uranium miner cohort with respect to death from total respiratory diseases (n=158). 21 The aim of the present analyses is to examine the quantitative relationship between occupational exposure to silica dust and radon progeny and mortality from non-malignant respiratory diseases (NMRD) with particular focus on COPD mortality in a large cohort of German uranium miners with individual data on exposure to respirable crystalline silica dust and radon. An increased risk of death from lung cancer due to radon 22 and silica dust 23 has already been demonstrated in this cohort. In a nested case-control approach among 1421 former German workers of the Wismut Company, a decline in the pulmonary function parameters and
What this paper adds ▸ Radon and crystalline silica exposure are known lung carcinogens, but few studies investigated their relationship with mortality from non-malignant respiratory diseases. ▸ The present cohort study indicated no relationship between silica dust and death from non-malignant respiratory diseases, even at high exposure levels. ▸ A strong non-linear relationship between silicosis mortality and cumulative silica exposure was confirmed here. ▸ No association was found between mortality from chronic obstructive pulmonary disease (COPD) and radon, in contrast with the results reported in a recently published large ecological study.
an increase in the incidence of COPDs in relation to silica dust have been reported by Möhner et al.
24

METHODS
Cohort design and follow-up
The study population is based on a cohort of 58 982 men employed at the former Wismut uranium mining company in East Germany, with at least 6 months of total employment between 1946 and 1989. 25 Mortality follow-up period was from the date of first employment plus 180 days up to the first of either date of death, or emigration, or lost to follow-up, or 31 Dec 2008. Information on the vital status was obtained via local registration offices. Information on the underlying cause of death is based on certificates of deaths and autopsy files from the Wismut pathology archive and was coded according the International Classification of Diseases ICD-10. A total of 292 cohort members with missing information on silica dust exposure were excluded from the present analyses, leaving a total of 58 690 cohort members for risk analysis. By the end of 2008, 25 250 men had died (43.0%), 31 306 (53.3%) were alive, 534 (0.9%) had emigrated and 1600 (2.7%) were lost to follow-up. Information on cause of death was missing for 5.9% of the deceased.
Retrospective assessment of exposure
A comprehensive job-exposure matrix was used to retrospectively estimate the exposure to radon progeny in Working Level Months (WLM) for each of the following: (1) calendar year; (2) place of work (surface, underground, processing/milling, open pit); (3) mining facility/mine shaft; and (4) job type. 26 27 WLM, a time-integrated measure, is the product of time in working months (1 month=170 h) and working levels. One working level is defined as any combination of radon progeny in 1 L of air that results in the ultimate emission of 130 000 MeV of energy from α particles. The radon progeny exposures were determined from either systematic measurements of radon taken since 1955 by the WISMUT company, or detailed expert ratings made prior to 1955. Data on the workhistory of all cohort members were extracted from the payrolls and personal files on a daily basis. On average, the radon progeny exposure levels were relatively high during the early years. However, levels reduced from about 1958 after the introduction of ventilation measures, reaching international radiation protection standards from 1970. 23 The job-exposure matrix (JEM) for respirable and inhalable fine dust and crystalline silica was similar to the radiation JEM. 27 28 Here, systematic measurements in the shafts started in 1960. Dust concentrations before that time were retrospectively estimated by expert rating including reconstruction of historical workplaces and simulation of ventilation conditions. A detailed description of the measurements and the estimation methods is given elsewhere. 28 Cumulative exposure to fine dust and respirable silica dust is given in mg/m 3 -years where one dust-year equals an exposure of 1 mg/m 3 over a full year with 220 shifts of 8 h each. Due to poor ventilation and dry drilling in the early years, the average shift silica dust concentrations were well above 2 mg/m 3 specifically for underground workers and decreased continuously with increasing ventilation measures and the introduction of wet drilling (figure 1).
Statistical methods
Internal Poisson regression models were applied to examine possible exposure-response-relationships. Tabulations of personyears at risk and cancer deaths were created with the DATAB module of the EPICURE software. where r is the cause-specific mortality rate, and r 0 is the baseline mortality rate (ie, without exposure). The covariables refer to age, a, and calendar year, y. Categorical analyses of the form excess relative risk (ERR) (w)=Σ j = 1,7 ß j w ij were performed, where j refers to the exposure class and i to exposure (radon or silica). The exposure-response relationship was estimated by means of a linear model of the form, ERR(w i )=ßw i , where (w i ) or (w j ) is the continuous variable of cumulative exposure to radon or silica, respectively. One exception was made for the subgroup of silicosis and other pneumoconiosis. In this group, RR-type models were affected by an undefined baseline rate (because silicosis without exposure is implausible), leading to unstable excess risk estimates. The exposure-response relationship was, therefore, modelled directly via an exponential linear quadratic model in exposure, adjusted for the age of the exposed cohort members, with parameters α 1 , α 2 , α 3 , β, γ of the form rða; wÞ
where α 2 , α 3 =0, if w=0 and α 2 , α 3 ≠ 0, if w>0. In order to test for the potential confounder, silica, with respect to the radon-related ERR per WLM, or radon with respect to the silica-related ERR per mg/m 3 -years, respectively, the respective variable (z) was included in the RR model in a multiplicative way, ERR (w, z)=ßw+γz+θwz or additive way, ERR (w, z)=ßw+γz. Because the multiplicative model provided a statistically significantly better fit, adjustment was performed in a multiplicative way. However, because results based on underlying cause of death were only marginally modified through adjustment, only the unadjusted results were presented. Findings indicated a healthy worker survivor effect, that is, a decrease in risk of NMRD with increasing cumulative silica exposure. Such a negative bias could occur when workers who are healthier and therefore have lower mortality rates, stay in employment longer and may accumulate higher exposures. To account for this type of bias, stratification by duration of employment in three categories (<10, 10-20, 20+ years) was performed. This model led to statistically significant changes in the risk estimates compared to a model without stratification. Further stratification, for example, in 5-year bins, led to no substantial changes in the risk estimates, and was therefore not considered. All models were fitted with the AMFIT module of the EPICURE software 29 with 95% Wald confidence limits. A lag time of 5 years was used to account for a latency period. Application of other lag times (0, 10, 15) led to similar results and are therefore not given.
RESULTS
In the follow-up period from 1946 to 2008 with 2 168 455 person-years, a total of 2336 deaths (underlying cause) from NMRDs ( J00-J99) were observed. Deaths from the subgroup of silicosis or other pneumoconiosis ( J62, J64, J65) were predominant (42%), followed by deaths from COPDs ( J40-J44) (31%). Table 1 shows the distribution of the underlying deaths from selected NMRDs by year of birth, year of first employment and year of death. The group of 715 deaths from COPDs ( J40-J44), included 103 deaths from chronic or non-specified bronchitis ( J40-J42), 73 deaths from emphysema ( J43), and 539 deaths from other chronic obstructive pulmonary disease ( J44). The mean age at death from COPDs was 71 years, with a range of 42-95 years. Nearly all deaths from silicosis or other pneumoconiosis ( J62, J64, J65; n=975) occurred in the group of miners with begin of employment at the Wismut Company before 1955, that is, the time with the highest silica exposures. The dominant subgroup was J62 (n=757; pneumoconiosis due to dust containing silica), followed by J65 (n=213, unspecified pneumoconiosis associated with tuberculosis), and J64 (n=5, unspecified pneumoconiosis excluding association with tuberculosis). The mean age at death from silicosis or other pneumoconiosis was 66 years (range: 32-93).
All cohort members were exposed at some time to silica dust, with appreciably lower levels for workers at the surface (figure 1). The mean (median) cumulative exposure was 5.9 (1.8) mg/m 3 -years, the maximum 56 mg/m 3 -years. About 14% of the cohort members were never exposed to radon progeny. The mean (median) cumulative exposure to radon was 280 (33) WLM with a maximum of 3224 WLM among the exposed. Table 2 shows the mortality from all NMRDs and the subgroups, pneumonia or influenza, COPD, and silicosis or other pneumoconiosis in relation to cumulative silica dust exposure based on the underlying cause of death. In a first step, no adjustment for radon was performed. When all NMRDs were considered, there was a statistically significant increase in risk with increasing cumulative silica exposure. This increase, however, can be nearly completely attributed to the subgroup of deaths from silicosis or other pneumoconiosis. After excluding the latter group, there was no statistically significant excess of deaths (ERR per mg/m 3 -years=0.006, 95% CI −0.002 to 0.015). By contrast with the subgroup of death from silicosis or other pneumoconiosis, the subgroups of deaths from COPDs, influenza or pneumonia and other NMRDs showed no trend in risk with silica. Even at very high concentrations of more than 30 mg/m 3 -years, no elevated RR was found. Additional adjustment for radon exposure did not alter the observed risks in all groups (data not shown). For example, the respective radon-adjusted ERR per mg/m 3 -years for the group of all NMRDs, excluding silicosis or other pneumoconiosis, was 0.009 (95% CI −0.004 to 0.022). In the group of deaths from silicosis or other pneumoconiosis, the first two exposure categories had to be collapsed for risk analyses, because of too few deaths in the reference category. There was a strong non-linear exposure-response relationship. Figure 2 shows the estimated relationship between mortality rates and cumulative silica dust exposure after application of an exponential linear quadratic model for ages 50, 60 and 70 years.
The radon-related mortality risk was examined in the group of (underlying) deaths from NMRDs excluding silicosis or other pneumoconiosis, because the latter are solely occupational dust-related diseases (table 3) . Overall, and in all considered subgroups of causes of death, no increase in mortality with increasing cumulative radon exposure was observed, even for high exposures above 1000 WLM. Risk estimates were not found to be modified after adjustment for silica dust exposure (data not shown). For example, when respiratory diseases without silicosis or other pneumoconiosis were considered, the ERR per 100 WLM was 0.005 (95% CI −0.007 to 0.017), and −0.004 (95% CI −0.020 to 0.011), without and with adjustment for silica exposure, respectively. 
DISCUSSION
The present study showed no association between mortality from NMRDs excluding silicosis or other pneumoconiosis with either cumulative radon exposure or cumulative silica dust exposure, even at very high exposures. This was also true for the subgroup of deaths from COPDs or pneumonia. By contrast with this, a strong non-linear increase in mortality from silicosis or other pneumoconiosis with increasing cumulative silica dust levels was observed.
Silicosis mortality and silica dust
It is well established that silica exposure causes silicosis of variable severity. 1 Mortality studies are rare, but show a consistent and strong increase in risk. 7 8 11 13-16 The currently largest study of 74 040 Chinese workers at 29 metal mines and pottery factories included 2857 (underlying) deaths from pneumoconiosis ( J60-J65). For a subset of workers who worked at annual respirable silica dust concentrations at or below 0.1 mg/m 3 during their lifetime work history, the standardised mortality ratio (SMR) for pneumoconiosis was 11.0 (95% CI 7. dust-years), the former workplace exposure limit for silica dust set by the US Occupational Safety and Health Administration, increase the risk of death. This was also noted in a pooled analyses of 11 cohorts including 172 silicosis deaths 15 and in Swedish iron ore miners.
14 In the present analysis, a twofold statistically insignificantly higher risk was found in the exposure category of 2-5 vs <2 mg/m 3 -years (RR=1.96; 95% CI 0.7 to 3.3). Misclassification of silica exposure, particularly in this low exposure range is a potential problem, because it cannot be fully excluded that a few persons may have worked in a silica-exposed job outside the Wismut Company, as also noted by Hedlund. 14 
COPD mortality and silica dust
The evidence on COPD mortality in relation to silica dust is sparse and inconsistent. Some studies reported a positive trend with respect to mortality from all NMRDs, including, however, a high percentage of deaths from silicosis. 7 12 Among British coal workers 8 there was a significant trend with COPD mortality (n=869 underlying deaths) for respirable dust and silica dust, but after mutual adjustment, this trend remained statistically significant only for respirable dust. No trend was observed in workers in the Norwegian carbide industry 10 and workers in the UK industrial silica sand industry, 9 but both studies suffered from small numbers of COPD deaths. In a large US study 11 using National Occupational Mortality Surveillance data, a statistically significant trend in four silica-exposure categories in relation to mortality from COPDs was found, but no individual silica data were available. Among the Vermont granite workers, the risk of mortality from NMRDs, excluding silicosis, pneumonia, asthma, bronchitis, emphysema increased significantly with increasing cumulative silica exposure. 13 Overall, previous results on mortality from COPDs due to silica dust are inconclusive.
By contrast with this, there is clear evidence of increasing loss of lung function with increasing silica dust exposure. [4] [5] [6] This was also noted in a nested case-control study among Wismut workers. Here, a statistically significant increase in the incidence of COPD stage I in terms of Global Initiative for Chronic Obstructive Lung Diseases criteria in relation to silica exposure was found. 24 It was a subsample of 1421 long-term low silica exposed miners (average annual exposure: 0-0.37 mg/m 3 ) of the Wismut cohort, for which data on spirometry from regular medical examinations have been successfully determined. A potential limitation of this study is the low age at end of follow-up (range: 18-36 years) and a high percentage of excluded workers for which no or only one medical record could be traced.
COPD mortality and radon exposure
Presently, a causal link of adverse respiratory effects through exposure to radon progeny is only established for lung cancer. In the American Cancer Society Cohort (CPS-II) study, an increase in risk of COPD mortality with increasing mean county-level of residential radon exposure (ERR per 100 Bq/m 3 =13%; 95% CI 5% to 21%) was reported for the first time. 17 The study had no individual data on residential radon exposure, and may therefore involve misclassification bias. On the other hand, it is a large cohort with individual data on cause of death and smoking habits-the major potential confounderand among all considered causes of death only those for lung cancer and COPDs showed a statistically significant radonrelated relationship. 17 18 30 Previous miner studies examining the quantitative relationship between radon exposure and mortality from NMRDs 21 or NMRDs without silicosis 20 do not indicate an association, but these studies are rare. Given the magnitude of the observed increase in risk of COPD mortality by Turner et al, 17 this increase should be observable in the Wismut cohort. However, although the radon concentrations were appreciably higher (by a factor of 10-100) in the Wismut cohort compared with the CPS-II study, no such trend was observed.
Strengths and limitations
The strengths of this study include the large cohort size, the long follow-up time (average 34 years), the large number of deaths and the detailed high-quality assessment of radon and silica exposure with a wide range of exposures. One of the major limitations is the use of mortality data, and here the validity of cause of death especially with respect to NMRDs. To investigate age-dependent misclassification of cause of death, date of end of follow-up was restricted to age 75 years in sensitivity analyses. Risk estimates were similar to those obtained without restriction on age for all subgroups of NMRD. A major age-related misclassification bias is thus unlikely.
Under-reporting of, for example, COPDs due to comorbidity cannot be excluded. 31 32 For this reason, sensitivity analyses considered COPDs mentioned as contributing or underlying cause of death on the death certificate or autopsy file, increasing the number of COPD deaths from 715 to 2673 deaths (data not shown). Based on these analyses, a clear trend in mortality from COPDs with silica dust (ERR per mg/m 3 -years=0.024; 95% CI 0.011 to 0.038; adjusted for radon) and radon exposure (ERR per 100 WLM=0.043; 95% CI 0.024 to 0.062; adjusted for silica dust) was observed. Among the contributing COPD deaths, however, silicosis and lung cancer were the underlying causes of death for 275 and 388 individuals, respectively. Silicosis is known to be associated with COPD (COPD was mentioned in 27% of the 975 underlying deaths from silicosis), and the proportion of silicosis deaths also increases extremely with increasing silica dust, and indirectly with radon exposure due to a relatively high correlation of both exposures (R=0.70). Lung cancer is also known to be associated with COPDs 31 and radon exposure 22 or silica exposure. 23 The observed associations of COPD mortality with silica and radon exposure are likely to be due to bias through confounding. In fact, when COPD deaths with silicosis or lung cancer as the underlying cause were excluded from the analysis, no significant associations with cumulative silica or radon exposure were observed (n=2010, ERR per mg/m 3 -years=0.006; 95% CI −0.004 to 0.016 and ERR per 100 WLM=0.013; 95% CI −0.003 to 0.029), respectively.
Missing causes of death is another potential source of bias. Many of the certificates of death in the years before 1970 were destroyed before the start of the cohort study in 1998. Therefore, the percentage of missing causes of death in the cohort in these earlier years was higher (<1970; 50%) compared to later (≥1970; 5%). However, sensitivity analyses based on the restricted follow-up period 1970-2008, showed no differences in risk estimates indicating that this type of bias is small.
The present study provided evidence for a healthy worker survivor bias, leading to a decrease in risk of mortality from NMRD with increasing silica exposure without adjustment for duration of employment. There were regular medical examinations for all Wismut workers, and it is likely that workers with respiratory problems may not have been allowed to continue working underground. These workers may have moved to work places at the surface or left the WISMUT Company, and may thus have accumulated less cumulative exposure. Stratification for duration of employment in three categories (<10, 10-20, 20+ years) led to statistically significant changes in the risk estimates compared to a model without stratification. More detailed stratification only marginally changed the risk estimates. When mortality from all respiratory diseases without silicosis or other pneumoconiosis was considered, a statistically significant decrease in risk in the exposure category 2-5 mg/m 3 -years was present even after adjustment for duration of employment. The reasons are unclear. It could involve misclassification of exposure or misclassification of cause of death.
Smoking is the most important risk factor for NMRDs, and it is therefore advisable to perform detailed adjustment for smoking in studies of other risk factors. Unfortunately, only very limited and incomplete data on smoking exist in the full cohort that could not be used. In a nested case-control study on lung cancer, 33 it was shown that most Wismut miners were smokers and adjustment for smoking only marginally reduced the radon-related lung cancer risk. Smoking was broadly categorised into non-smokers defined as lifetime non-smokers or ex-smokers since 20 years or smokers. The correlations between this smoking status with cumulative radon exposure 33 or silica dust 23 categories were very low and weakly positive, indicating no major confounding or at least no negative confounding, that is, underestimation of risk. The corresponding proportions of 'smokers' in the categories of cumulative silica dust exposure 0-0.5, 0.5-2, 2-5, 5-10, 10-20, 30+ were 67%, 80%, 64%, 72%, 70%, 80%, 78%, among controls (n=400) and 92%, 96%, 98%, 96%, 94%, 92%, 96% among lung cancer deaths (n=600), respectively. Data on duration of smoking and intensity of smoking are missing in the nested case-control study. Thus, residual confounding cannot be excluded.
CONCLUSION
The present study confirms a strong relationship between silicosis mortality and cumulative silica dust exposure. By contrast with this, findings indicate no association between mortality from COPDs or other NMRDs and cumulative radon or silica dust exposure, even at high levels of exposure.
